Introduction {#sec1}
============

The development of various novel nanomaterials and nanostructures is among the most rapidly progressing fields in a modern science. Due to their unique properties, which emerge as the size of the particle or structure decreases to the nanoscale, nanomaterials, regarding the application, frequently are far superior to micro- and macromaterials.^[@ref1]−[@ref4]^ Newly developed functional nanomaterials often offer revolutionary properties and therefore are successfully applied in chemical, technological, biological, medical, and other fields.^[@ref5]−[@ref9]^

Most scientific papers, reporting the development of nanoparticles, claim possible nanoparticle applicability in fields which require colloidal stability (nanoparticles for biomedical applications, etc.). Colloidal stability (preferably over a wide pH range, including biological systems) is a crucial parameter and limiting factor in overall nanoparticle applicability in the mentioned fields because living organisms are commonly water-based.^[@ref10]−[@ref14]^ Typically, nanoparticle colloidal stability is evaluated visually by conducting zeta potential measurements. In the ideal case, zeta potential measurements are supported by DLS experiments. However, such ideal case scenarios of nanoparticle stability evaluation are rather rare. Unfortunately, the authors of papers, despite intended applications, rarely evaluate the actual colloidal stability in aqueous media at all.^[@ref15]−[@ref18]^

Rare-earth-doped nanoparticles are materials of great interest lately.^[@ref19],[@ref20]^ The type of nanoparticle which can be excluded from the others would be those containing Gd^3+^ ions in their composition. Gadolinium-based particles can potentially be applied as MRI contrast agents because the Gd^3+^ ion has seven unpaired electrons in its 4f orbital.^[@ref21]−[@ref23]^ There is plenty of published research regarding the synthesis and investigation of Gd-based nanoparticles such as GdPO~4~, GdF~3~, NaGdF~4~, and Gd~2~O~3~. Gd-based nanoparticles are suitable hosts for doping with lanthanide ions in order to enrich these materials with additional luminescence properties.^[@ref5],[@ref19],[@ref20],[@ref23]−[@ref25]^ One the most widely studied Gd-based particles is NaGdF~4~ doped with various lanthanide ions. Such particles are often referred to as potential biomarkers in biomedicine.^[@ref26]−[@ref28]^ However, the commonly used thermal decomposition^[@ref29]^ synthesis method leads to hydrophobic nanoparticles due to employed oleic acid, which remains on the particle surface.^[@ref30]−[@ref32]^ A hydrophobic surface prevents any colloidal stability of NaGdF~4~ particles in aqueous media; therefore, a change in surface ligands or additional surface modification is needed in order to achieve the colloidal stability of such particles in aqueous media.^[@ref33]^

The necessity of novel Gd-based particles, which possess desired properties such as a ligand-free surface, chemical and thermal stability, and biological inertness, still exists. Orthophosphates proved to be promising host materials to satisfy such needs.^[@ref34]−[@ref36]^ One of the approaches to obtaining rare-earth phosphate nanoparticles is hydrothermal synthesis. The main advantages of such a method are its repeatability, possibility to control the growth of the synthesized particles and, most importantly, the fact that it does not require any hydrophobic ligands (e.g., oleic acid).^[@ref37],[@ref38]^ Hydrothermally obtained particles typically have ligand-free surfaces and therefore are suitable for further surface modifications. There are numerous papers reporting the hydrothermal synthesis of GdPO~4~ particles. Many of those claim that GdPO~4~ particles can be applied in the biomedical field.^[@ref39]−[@ref45]^ However, due to some limitations, such as reduced colloidal stability in aqueous media, GdPO~4~ particles are not applied in vivo very frequently.

Recently, a paper reporting the controlled hydrothermal synthesis of GdPO~4~ particles and their stability investigation was published.^[@ref46]^ It is important to notice that particles reported in this paper can form stable aqueous colloids. However, at neutral pH values all investigated particles are close to their isoelectric point, meaning that the surface charge of the particles is not high enough to ensure the stability of their colloids in aqueous media. Agglomeration, besides the observed GdPO~4~ stability, remains a limiting factor for such nanoparticle applicability.

The stabilization of nanoparticles prevents the formation of agglomerates. Nanoparticle stability in aqueous colloids can be achieved either electrostatically or sterically. In most cases, electrostatic stabilization, induced by charge repulsion, does not ensure reliable-enough stability and the prevention of agglomeration.^[@ref38],[@ref47]−[@ref49]^ Thus, steric stabilization, achieved by attaching a surfactant to a particle surface (either by chemical bonds or by electrostatic interactions), is more effective because the created steric barriers prevent particles from approaching an agglomerate too closely.^[@ref50],[@ref51]^ In order to apply any nano- or microsized particles, for example, GdPO~4~ mentioned above, in fields which require superior colloidal stability (e.g., as nanoprobes), it is necessary to additionally enhance the particle stability. For this reason, various low-molecular-weight surfactants such as TWEEN, CTAB, and TRITON are used to enhance the stability of various nanoparticle systems.^[@ref23],[@ref39],[@ref52]−[@ref55]^ Even though the use of various commercial surfactants often prevents particles from agglomerating, such surface modification cannot always ensure the desired stability of nanoparticles, especially in water. There is currently no effective universal way to ensure the colloidal stability of various nano- and microsized particles in aqueous colloids.

We believe that a viable solution for the discussed issues could be the use of cationic brush-type polymers. It is already known that polymeric brush-type electrolytes have a high potential for the surface modification and stabilization of nanoparticles (e.g., SiO~2~, TiO~2~).^[@ref51],[@ref56],[@ref57]^ In fact, studies show that the use of such brush-type polymers for the stabilization of particles is a more effective approach than using low-molecular-weight equivalents. However, no study on the stabilization of various morphology nanoparticles of the same crystalline phase using similar brush-type polymers exists.

In this work, we demonstrate a successful stabilization of GdPO~4~ nanoparticles with different morphologies (nanorods, hexagonal nanoprisms, and submicrospheres) using cationic brush-type polyelectrolytes with different charge densities. The focus of this research was to investigate and determine the correlation among the zeta potential of GdPO~4~ particles with different morphologies, the quantitative adsorption of different custom-made cationic brush-type copolymers on the particle surface, and the overall stability of GdPO~4~ particle colloids. Redispersible GdPO~4~ nanoparticle colloids with increased colloidal stability were obtained during this study. Not only the stability in aqueous media but also the biocompatibility of GdPO~4~ particles is greatly enhanced after the surface modification with the p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte. The enhanced biocompatibility is due to PEO chains originating from p(METAC-*stat*-PEO~19~MEMA). GdPO~4~ particles are also suitable hosts for doping with rare-earth ions to enrich them with luminescence. We believe previously discussed benefits, such as increased nanoparticle stability and redispersibility from dry powder, suggest that the p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte, along with similar cationic brush-type polymers, can successfully be applied in both biomedical and commercial fields.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Poly(ethylene glycol) methyl ether methacrylate (PEO~19~MEMA, *M*~n~ 950, Aldrich) and \[2-(methacryloyloxy)ethyl\] trimethylammonium chloride (METAC, 80% aqueous solution, Aldrich) were purified of inhibitors by passing the monomers through a column filled with basic alumina (type 5016A, Fluka). Methanol (MeOH, 99.8%, Aldrich), acetone (99%, Aldrich), ethylene glycol (EG, 99.5%, Fluka), diethyl ether (Et~2~O, 99%, Aldrich), carbon disulfide (CS~2~, 99.9%, Aldrich), 1-butanthiol (99%, Aldrich), sodium hydride (NaH, 60% dispersion in mineral oil, Aldrich), iodine (I~2~, 99.8%, Aldrich), and 4,4′-azobis(4-cyanovaleric acid) (ACVA, 98%, Fluka) were used as received. Gd~2~O~3~ (99.99%, Tailorlux), ammonium dihydrogen phosphate (NH~4~H~2~PO~4~, 99.9%, EuroChemicals), nitric acid (HNO~3~, 70%, EuroChemicals), ammonium hydroxide (NH~4~OH, 25%, EuroChemicals), and tartaric acid (99.99%, EuroChemicals) were used as received. Gd(NO~3~)~3~ was prepared by dissolving the required amount of Gd~2~O~3~ in nitric acid.

Synthesis of GdPO~4~ Particles with Controlled Different Morphologies {#sec2.2}
---------------------------------------------------------------------

Particles with different morphologies (nanorods, hexagonal nanoprisms, and submicrospheres) were synthesized by a hydrothermal route according to the previously published procedure with minor adjustments.^[@ref46]^ The morphology of synthesized particles was controlled by the variation of the initial molar ratio of Gd^3+^ to PO~4~^3--^. The morphological features of synthesized GdPO~4~ particles were investigated using SEM (Scanning Electron microscopy) and TEM (transmission electron microscopy).

The crystalline phase (hexagonal rhabdophane; PDF ICDD 00-039-0232, space group *P*3~1~21) of particles was determined using XRD (X-ray powder diffraction) equipment. The synthesis procedure, analysis conditions, and XRD data in detail are provided in the Supporting Information (SI, [Figure S1](#notes1){ref-type="notes"}).

Synthesis of Cationic Brush-Type Polyelectrolytes {#sec2.3}
-------------------------------------------------

Cationic brush-type polyelectrolytes p(METAC-*stat*-PEO~19~MEMA) were prepared via the RAFT (radical addition--fragmentation chain transfer) polymerization method from three different monomer feeds, METAC/PEO~19~MEMA = 25:75, 45:55, and 65:35 mol %, according to the previously described procedure^[@ref51]^ with minor modifications. (Different chain-transfer agent 4-(((butylthio)carbonothioyl)thio)-4-cyano-pentanoic acid (BCPA) was used). BCPA was freshly synthesized before use according to the published data.^[@ref58]^ The synthesis scheme of p(METAC-*stat*-PEO~19~MEMA) with different morphologies is provided in[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![(a--c) SEM and (d--f) TEM images of GdPO~4~ nanoparticles with different morphologies. Images represent the NH~4~H~2~PO~4~/Gd^3+^ molar ratio impact upon particle morphology: (a, d) 10, (b, e) 50, and (c, f) 100, respectively.](la0c01130_0001){#fig1}

![Synthesis scheme of cationic brush-type p(METAC-*stat*-PEO~19~MEMA) polyelectrolytes via the RAFT method.](la0c01130_0002){#fig2}

In all three cases, the molar ratio of initial synthesis components \[M\]~0~/\[BCPA\]~0~/\[ACVA\]~0~ was the same (i.e., equal to 100:3:1, where \[M\]~0~ represents the sum of the molar concentrations of both monomers in the reaction feed). RAFT copolymerization of METAC and PEO~19~MEMA was carried out in a round-bottomed flask sealed with a silicone septum under an inert N~2~ atmosphere in a 70:30 (v/v) mixture of ethylene glycol and water. The polymerization mixtures with an overall 15% monomer concentration were magnetically stirred for 12 h at 70 °C. After synthesis, the mixture was cooled and the flask was opened to air to quench the polymerization. Synthesized polymers were purified by ultrafiltration (10 kDa MWCO) against a 0.15 M NaCl aqueous solution and later against deionized water. Polymer solutions were concentrated using a rotary evaporator and separated by freeze-drying.

The NMR and SEC techniques (detailed analysis conditions in [Figures S2 and S3](#notes1){ref-type="notes"}) were applied to determine the composition and exact macromolecular parameters (number average molecular weight (*M*~n~), dispersity (*Đ*), and calculated degrees of polymerization) of the synthesized polymers, respectively. The macromolecular parameter and exact composition of cationic polyelectrolytes used in this study are provided in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Characteristics of the Synthesized p(METAC-*stat*-PEO~19~MEMA) Copolymers[a](#t1fn1){ref-type="table-fn"}

  no.   copolymer charge   \[METAC\]~0~/ \[PEO~19~MEMA\]~0~   *M*~n~, kDa[b](#t1fn2){ref-type="table-fn"}   *Đ*    DP   \[METAC\]/ \[PEO~19~MEMA\][c](#t1fn3){ref-type="table-fn"}
  ----- ------------------ ---------------------------------- --------------------------------------------- ------ ---- ------------------------------------------------------------
  1\.   low                25:75                              28.5                                          1.15   38   27:73
  2\.   medium             45:55                              24.6                                          1.16   41   47:53
  3\.   high               65:35                              19.4                                          1.12   42   65:35

Polymerization conditions: \[M\]~0~/\[CTA\]~0~/\[I\]~0~ = 100:3:1, *T* = 70 °C, *t* = 12 h.

Determined using size exclusion chromatography (SEC).

Calculated from ^1^H NMR spectra.

Preparation of Dispersions {#sec2.4}
--------------------------

A colloidal 1 or 10 mg/mL dispersion was prepared by dispersing GdPO~4~ particles with a particular morphology in Milli-Q water. The pH of each suspension was set to 10.6 using 1.0 M and then 0.1 M ammonium hydroxide (NH~4~OH) solutions. All dispersions were treated with ultrasound in an ultrasonic bath for 15 min to disassemble nanoparticle agglomerates. Afterward, appropriate amounts of cationic brush-type polyelectrolytes p(METAC-*stat*-PEO~19~MEMA) were added to the dispersion (up to 200 mg of polymer per gram of dry GdPO~4~ particles) and ultrasonically treated again for 15 min.

Determination of the Isoelectric Point (IEP) of GdPO~4~ Particles {#sec2.5}
-----------------------------------------------------------------

The IEP point values of bare and modified GdPO~4~ particles with different morphologies were determined by measuring zeta potentials under different pH values in aqueous dispersions. The pH of GdPO~4~ dispersions was adjusted from 2 to 10 using 0.1 M HNO~3~ and 0.1 M NH~4~OH solutions, respectively. Zeta potential values were measured with a Malvern Zetasizer Nano ZS using the Smoluchowski model at 25 °C.

Determination of Polymer Adsorption and Surface Potential {#sec2.6}
---------------------------------------------------------

The adsorbed amount of cationic polyelectrolyte on the surface of GdPO~4~ particles was evaluated by measuring the change in zeta potential as a function of the amount of polymer added to alkaline aqueous (pH 10.6) dispersions.

The equilibrium polymer adsorption is observed at the point where the value of the zeta potential reached the plateau. Cationic polyelectrolytes with three different compositions were evaluated, and thus the effectiveness of all three polyelectrolytes was compared.

Determination of the Colloidal Stability of Aqueous GdPO~4~ Dispersions {#sec2.7}
-----------------------------------------------------------------------

The colloidal stability of bare and modified GdPO~4~ dispersions at different pH values was evaluated by measuring the particle size distribution using the dynamic light scattering (DLS) method. DLS measurements were carried out using a ZetaSizer Nano ZS (Malvern) equipped with a 4 mW He--Ne laser emitting at a wavelength of 633 nm. Measurements were performed at 25 °C and an angle of 173° using noninvasive backscattering (NIBS) technology. Using NIBS, the particle size detection range was 0.3 nm--10 μm. The size distribution data was analyzed using Zetasizer software from Malvern.

Results and Discussion {#sec3}
======================

Surface Potential and Colloidal Stability of Bare GdPO~4~ Particles with Different Morphologies {#sec3.1}
-----------------------------------------------------------------------------------------------

The main object of this investigation was GdPO~4~ particles with three different morphologies (i.e., nanorods, hexagonal nanoprisms, and submicrospheres). The change in the GdPO~4~ particle surface potential was evaluated by measuring zeta potential values in aqueous colloidal dispersions in the pH range from 2 to 10 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Zeta potential values of the synthesized GdPO~4~ particles slightly differ and are dependent on the particle morphology. For example, the zeta potential value of submicrospheres in aqueous alkaline media (pH 10.6) is −64.7 mV. Under identical conditions, the measured zeta potential values for hexagonal nanoprisms and nanorods are observed to be higher, −53.8 and −43.8 mV, respectively. It is interesting that GdPO~4~ particles with different morphologies possess different isoelectric points. (The isoelectric point is determined by the pH value, where the zeta potential is equal to 0, which will be referred to as the IEP.) The determined IEP value for nanorods is 6.53. IEP values of hexagonal nanoprisms and submicrospheres are shifted to lower pH values, 6.03 and 5.61, respectively. These differences in IEP could be related to different phosphate group density on differently shaped GdPO~4~ particle surfaces since the surface potential of the particles is related to the number of surface-exposed PO~4~^3--^ groups. The shape of template GdPO~4~ particles and therefore the number of such surface-exposed phosphate groups were manipulated by varying the NH~4~H~2~PO~4~/Gd^3+^ molar ratio by employing a hydrothermal synthesis route as reported in the literature.^[@ref46]^ NH~4~H~2~PO~4~/Gd^3+^ molar ratios of 10, 50, and 100 were used for the hydrothermal synthesis of nanorods, hexagonal nanoprisms, and submicrospheres, respectively.

![(a) Zeta potential and (b) particle size of bare GdPO~4~ particles with different morphologies in aqueous dispersions at various pH values: nanorods (□), nanoprisms (○), and submicrospheres (Δ).](la0c01130_0003){#fig3}

The colloidal stability of bare GdPO~4~ particles with different morphologies in aqueous media under various pH values was measured using DLS equipment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Typical unstable zones were observed during stability measurements of bare GdPO~4~ particle dispersions. Regardless of particle morphology, agglomeration and fast sedimentation of particles in an aqueous dispersion occurred if absolute values of the zeta potentials of particles were lower than \|22\| mV. Almost identical GdPO~4~ particle agglomeration and sedimentation due to changes in electric repulsion forces were reported in our earlier studies of particle stabilization.^[@ref46]^

Surface Modification of Different GdPO~4~ Particles Using Cationic Brush-Type Polyelectrolytes in Alkaline Media {#sec3.2}
----------------------------------------------------------------------------------------------------------------

For the surface modification of GdPO~4~, three p(METAC-*stat*-PEO~19~MEMA) polyelectrolytes with different compositions were synthesized. Different polymer compositions were obtained by the variation of the initial molar ratio of METAC and PEO~19~MEMA ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). METAC groups contain positively charged quaternary ammonium groups that could electrostatically anchor to the negatively charged surface of GdPO~4~ particles. Moreover, the PEO~19~MEMA polymer can be additionally defined as an inert, biocompatible macromonomer containing relatively long PEO substituents. These substituents are responsible for a steric barrier that prevents other particles from approaching too closely; therefore, agglomeration is avoided. PEO-stabilized particles are also known to possess good biocompatibility.^[@ref59]^ According to the number of quaternary ammonium groups in the copolymer composition, different p(METAC-*stat*-PEO~19~MEMA) copolymers were classified as having low, medium, and high charge, where low means that the copolymer consist of 27 mol %; medium, 47 mol %; and high, 65 mol % METAC groups in composition.

The adsorption of a cationic brush-type polyelectrolyte on oppositely charged surfaces of GdPO~4~ particles with different morphologies was evaluated by measuring the change in the particle zeta potential. Measurements were carried out in alkaline media (pH 10.6), where GdPO~4~ particles have a highly expressed negative charge. The effect of the amount of copolymer on the change in zeta potential of GdPO~4~ particles with different morphologies in aqueous dispersions is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Dependence of the zeta potential of GdPO~4~ particles in alkaline aqueous media (pH 10.6) as a function of polymer concentration: (a) nanorods, (b) nanoprisms, and (c) submicrospheres.](la0c01130_0004){#fig4}

During the addition of copolymer, the change in the zeta potential value and thus the charge on the GdPO~4~ particle surface are affected by both the polymer charge density and the particle morphology ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.). Clearly, the charge density of polymers has a greater effect. For example, during the addition of a low-charge-density polymer to an aqueous dispersion with rod-like GdPO~4~ nanoparticles, the full charge compensation is not achieved, and the surface of GdPO~4~ nanorods remains negative (−5.1 mV) even when using a large amount of polymer (200 mg per gram of GdPO~4~ particles in dispersion). Different behavior was observed using polymers with medium or high charge density. Surface charge inversion was observed during the physical adsorption of polymers with both medium and high densities of positively charged quaternary ammonium groups (METAC units). This behavior is explained in the literature,^[@ref51]^ where similarly structured cationic brush-type polyelectrolytes were applied for the stabilization of TiO~2~ particles in aqueous media. The charge inversion effect is induced by an excess number of METAC groups on the particle surface during adsorption. The surface charge of GdPO~4~ nanorods after the addition of medium- and high-density polymers (200 mg/g) reached +8.9 and +15.0 mV, respectively. Similar effects were observed during the investigation of GdPO~4~ hexagonal nanoprisms. The zeta potential values of GdPO~4~ hexagonal nanoprisms treated with low-, medium-, and high-charge p(METAC-*stat*-PEO~19~MEMA) polyelectrolytes (amount of 200 mg/g) reached −2.1, +8.2, and +19.1 mV, respectively. Different from nanorods and hexagonal nanoprisms, the negatively charged surface of GdPO~4~ submicrospheres after treatment with polymers was fully compensated for (+0.35 mV) using even a low-charge-density (27 mol % charged groups) polyelectrolyte. The medium- and high-charge p(METAC-*stat*-PEO~19~MEMA) polyelectrolytes that were used led to the described charge inversion effect, and the zeta potentials of submicrosphere GdPO~4~ particles were +12.2 and +20.8 mV, respectively.

Colloidal stability was evaluated and observed throughout all GdPO~4~ particle treatment with the p(METAC-*stat*-PEO~19~MEMA) procedure by measuring the particle size distribution (PSD) using dynamic light scattering equipment. A colloidal stability evaluation of differently shaped GdPO~4~ particles is presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Note that particles were treated using three different cationic brush-type polymers with different charge densities (low, medium, and high).

![Dependence of the GdPO~4~ particles size in alkaline aqueous media (pH 10.6) as a function of polymer concentration and polymer charge density: (a) nanorods, (b) nanoprisms, and (c) submicrospheres.](la0c01130_0005){#fig5}

Regardless of the morphology, all GdPO~4~ particles are stable in alkaline aqueous media (pH 10.6) without added polymer. In such cases, the stability of particles is ensured by electrostatic repulsion forces between highly (negatively) charged particles. Zeta potential values of GdPO~4~ with the morphology of nanorods, hexagonal nanoprisms, and submicrospheres in alkaline media (pH 10.6) were observed to be −43.8, −53.8, and −64.7 mV, respectively.

The amount of polymer in such dispersions plays an important role. After the addition of a certain amount of polymer, dispersions became unstable. For example, during the treatment of GdPO~4~ nanorods, particle dispersions were stable for up to 100 mg/g of added low-charge-density polymer. The addition of a larger amount of such a polymer in a dispersion led to the formation of agglomerates of up to 1800 nm. The addition of medium- and high-charge polymers to GdPO~4~ particle dispersions showed different behavior. In these cases, GdPO~4~ nanorod dispersions had typical zones of instability if the amount of polymer in the dispersion was insufficient. Instability zones of identical GdPO~4~ nanorod dispersions stabilized using medium- and high-charge p(METAC-*stat*-PEO~19~MEMA) polymers were determined to be from 30 to 150 and from 20 to 60 mg/g, respectively. In these zones, particles existed in an agglomerated state, and the measured PSD showed values of up to 3000 nm. After increasing the amount of polymer over these ranges, dispersions of GdPO~4~ nanorods became stable again. The determined PSDs of modified GdPO~4~ nanorods in alkaline media were ∼80 nm using both medium- and high-charge polyelectrolytes. The determined PSD values using DLS were relatively close to those measured using TEM and SEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The unstable zones that occurred during the study could be related to the particle zeta potential. During treatment with polymers, the change in particle surface potential mainly depends on the amount of polymer added and the density of positively charged quaternary ammonium groups within the polymer itself. It was found that p(METAC-*stat*-PEO~19~MEMA) polymers with a high charge density had the greatest impact on the zeta potential values of GdPO~4~ particles. A smaller amount of such polymers was needed to reach the same value of the zeta potential in comparison to polyelectrolytes containing a small number of positively charged groups. Similar results were obtained during the stability study of GdPO~4~ particles with other morphologies (hexagonal nanoprisms and submicrospheres) and are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. It is important to note that instability zones of GdPO~4~ particles, regardless of particle morphology, are observed when the absolute zeta potential value of particles was in the range of \|12\| mV ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

###### Stability Results of GdPO~4~ Particles with Different Morphologies during Treatment with Different Polymers in Alkaline Aqueous Media (pH 10.6)

           nanorods    hexagonal nanoprisms   submicrospheres                                 
  -------- ----------- ---------------------- ----------------- ---------------- ------------ ----------------
  low      \>125       \>−8.9                 \>100             \>−8.4           \>50         \>−8.7
  medium   35 to 150   --8.5 to +7.4          22.5 to 100       --8.9 to +7.8    15 to 70     --9.3 to +7.4
  high     20 to 60    --9.5 to +10.9         15 to 50          --8.9 to +11.3   12.5 to 45   --9.1 to +11.9

Determination of the Equilibrium Polymer Adsorption of GdPO~4~ with Different Morphologies {#sec3.3}
------------------------------------------------------------------------------------------

The equilibrium quantity of cationic brush-type polyelectrolyte adsorption on oppositely charged surfaces of GdPO~4~ particles with three different morphologies (nanorods, hexagonal nanoprisms, and submicrospheres) was evaluated by measuring zeta potential values of particles treated with 200 mg/g polymers (low, medium, and high charge density). For this purpose, nanoparticles which were used for these measurements were washed three times by centrifuging and redispersing them in Milli-Q water employing ultrasonic treatment ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).

###### Zeta Potential and Calculated Equilibrium Adsorption of Cationic Polyelectrolytes on GdPO~4~ Particles with Different Morphologies in Alkaline Aqueous Media (pH 10.6)

                         polymer charge density                                                           
  ---------------------- ------------------------ -------- ------ ------- -------- ------ ------- ------- ------
  nanorods               --5.2                    --17.0   39.2   +8.9    --8.3    36.5   +15.0   +3.2    36.8
  hexagonal nanoprisms   --2.1                    --23.3   23.0   +8.2    --8.9    21.8   +19.1   +1.0    23.4
  submicrospheres        +0.35                    --32.3   8.7    +12.2   --17.3   11.1   +20.8   --6.8   13.3

Zeta potential of GdPO~4~ in alkaline aqueous media (pH 10.6) before washing.

Zeta potential of GdPO~4~ in alkaline aqueous media (pH 10.6) after washing with Milli-Q water (three times).

Equilibrium adsorption of p(METAC-*stat*-PEO~19~MEMA) with different charge density on the surface of GdPO~4~ particles, calculated from the curves presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

The results presented in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} suggest that the equilibrium adsorption (independent of that of the used polymers) on GdPO~4~ nanorods is higher in comparison to that of particles with other morphologies (hexagonal nanoprisms and submicrospheres). For example, the equilibrium adsorption of low-charge-density p(METAC-*stat*-PEO~19~MEMA) on GdPO~4~ nanorods is 39.2 mg/g if compared to 23.0 and 8.7 mg/g on hexagonal nanoprisms and submicrospheres, respectively. It can be explained through the particle size because it is well known that the surface area of particles is inversely proportional to the particle size, meaning that GdPO~4~ nanorods are the smallest particles used in this study ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To support this claim, nitrogen gas adsorption using the BET (Brunauer--Emmett--Teller) technique was conducted. During this analysis, the surface area was determined to be 47 m^2^/g for nanorods, 24 m^2^/g for hexagonal nanoprisms, and 20 m^2^/g for submicrospheres.

Surface Potential and Colloidal Stability of Modified GdPO~4~ Particles with Different Morphologies {#sec3.4}
---------------------------------------------------------------------------------------------------

Stable aqueous GdPO~4~ particle dispersions (1 mg/mL) of each morphology were prepared by using dry GdPO~4~ particles, which previously were washed and dried. The pH values of prepared GdPO~4~ dispersions were then adjusted from ∼2 to 10.6 using 0.1 M HNO~3~ and NH~4~OH solutions, respectively. The zeta potential and particle size distribution were measured at different pH values for all GdPO~4~ particle morphologies and are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Dependence of the (a--c) zeta potential and (d--f) size of modified GdPO~4~ particles as a function of the pH of the medium: (a, d) nanorods, (b, e) nanoprisms, and (c, f) submicrospheres.](la0c01130_0006){#fig6}

The IEPs of particles determined independently of the GdPO~4~ particle morphology are shifted to the alkaline pH region. The p(METAC-*stat*-PEO~19~MEMA) containing the largest number of charged groups (67 mol %) affected the IEP of the studied particles the most noticeably. For example, the IEPs of GdPO~4~ nanorods modified with low- and medium-charge polymers were 7.23 and 8.65, respectively, whereas the IEP of nanorods stabilized with high-charge p(METAC-*stat*-PEO~19~MEMA) was shifted to highly alkaline pH values (\>11). The IEPs of GdPO~4~ hexagonal nanoprisms were 6.99, 8.51, and ∼10.60 for particles modified using p(METAC-*stat*-PEO~19~MEMA) with low, medium, and high charge densities, respectively. In the case of GdPO~4~ submicrospheres, IEPs were determined to be 6.61, 7.96, and 8.98, respectively.

After GdPO~4~ particle modification using cationic brush-type p(METAC-*stat*-PEO~19~MEMA) polymers with different compositions, the stability range of GdPO~4~ dispersions was expanded. It is important to notice that good stability is observed in the biological range (pH 6.6--7.4). The best results for the stabilization of GdPO~4~ particles was achieved for rod-like particles. For comparison, bare GdPO~4~ nanorods (IEP 6.53) were extremely unstable in the pH range from 4.2 to 9.1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Hence, after stabilization with polyelectrolytes, nanorods demonstrate perfect stability in the pH range from 2 up to 5.6, 7.2, and 8.3 using low-, medium- and high-charge polymers, respectively. The study of GdPO~4~ particle stabilization with particles with other morphologies (hexagonal nanoprisms and submicrospheres) produced comparable results, which also suggest greatly increased colloidal stability ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

The results obtained during this research imply that the most suitable investigated polymer for the stabilization of GdPO~4~ particles tends to be the cationic brush-type p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte with the highest density of positively charged quaternary ammonium groups in its composition (65 mol %). The observed increase in GdPO~4~ particle stability after surface modification was achieved as a combination of both steric and electrostatic stabilization because polymer-coated particles tend to possess positive surface charge, which provides additional electrostatic repulsion forces among modified particles. Therefore, this surface charge additionally enhances the particle stability.

Nanoparticles are often claimed to be potential candidates for biomedical (nanoprobes) and anticounterfeiting (security ink) applications. Low toxicity and good biocompatibility are highly desired properties for such nanoparticle systems, whereas superior colloidal stability is an absolute necessity.^[@ref60]−[@ref63]^

Long-Term Empirical Stability Experiment of Modified GdPO~4~ Particles with Different Morphologies {#sec3.5}
--------------------------------------------------------------------------------------------------

One of the most remarkable results of this study is that after a relatively simple nanoparticle surface modification they can be easily redispersed from the dry powder and still form stable colloids. This, however, was not the case for the uncoated nanoparticles. Both nanoparticle preparation and their surface modification procedures are rather quick, easy, and simple and, most importantly, exhibit nearly perfect reproducibility, what is crucial for scientific and commercial applications. It is also very important to notice that GdPO~4~ particle surface modification using the p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte not only enhances the particle stability but also improves its biocompatibility.^[@ref64]^ Hence, we believe that the results achieved during this research may are important to the scientific community working in the field of nanoscience and colloid chemistry and could be applied in commercial applications.

In order to support our previous statement regarding nanoparticle stability and redispersibility, an additional experiment was planned and conducted. The main objective of this experiment was to evaluate the colloidal stability and redispersibility of both bare and modified nanoparticles. For this purpose, aqueous colloids (six colloids in total) were prepared using bare GdPO~4~ nanoparticles with different morphologies (nanorods, hexagonal nanoprisms, and submicrospheres) and GdPO~4~ particles (same morphology) modified with a high-charge-density (65 mol % quaternary ammonium groups) p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte. First, in order to evaluate the initial dispersibility, particles were redispersed from the dry state in neutral aqueous media (pH 6.5). It was noticed immediately that bare GdPO~4~ nanorods, whose isoelectric point value is close to neutral pH values ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), were redispersed considerably slower than GdPO~4~ nanorods with modified surfaces. This observation was documented and can clearly be seen in a video ([SI video](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01130/suppl_file/la0c01130_si_002.mp4)). In a vial on the left-hand side there are bare GdPO~4~ nanorods that were dried, whereas in a vial on the right-hand side there are the same GdPO~4~ nanorods whose surfaces were modified with the polyelectrolyte. After the shaking of both vials, the bare GdPO~4~ nanorods precipitate readily, while the surface-modified particles are disperses into the water and remain stable.

Another experiment involved the observation of GdPO~4~ colloidal suspension stability in a time frame of up to 168 h (1 week). For this purpose, aqueous colloids of GdPO~4~ particles (both bare and modified) with different morphologies were prepared and documented over the given time. Visual colloidal stability over time is represented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. All samples were redispersed by treating the colloids in an ultrasonic bath for 5 min.

![Visual evaluation of the aqueous dispersion stability (pH 6.5) of GdPO~4~ particles with different morphologies ((nanorods (**1** bare, **2** modified), hexagonal nanoprisms (**3** bare, **4** modified), and submicrospheres (**5** bare, **6** modified)) over time: (a) 0, (b) 1, (c) 3, (d) 24, (e) 72, and (f) 168 h.](la0c01130_0007){#fig7}

It is important to notice that differently shaped GdPO~4~ nanoparticles possess different zeta potential values at the same pH value. This means that in the same aqueous media (for example, during this experiment) they also have to have different zeta-potential values. This is because the isoelectric point (and therefore the zeta potential value) is dependent on the particle morphology, as discussed above. During this experiment (in which the pH of aqueous media was set to 6.5), zeta potential values of bare GdPO~4~ nanoparticles were +0.56, −9.0, and −18.6 mV for nanorods, hexagonal nanoprisms, and submicrospheres, respectively. Meanwhile, identical aqueous colloids (pH 6.5) were prepared by dispersing GdPO~4~ particles modified with the high-charge-density p(METAC-*stat*-PEO~19~MEMA) polyelectrolyte. Zeta potential values of such colloids were ca. +22 mV for all morphologies identical to those presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c. Because modified GdPO~4~ particles of all morphologies have almost identical zeta potential values, it is possible to additionally evaluate the effectiveness of cationic brush-type polymers as a function of the shape of the modified particles. It is known that due to the electrostatic repulsion forces even insignificant nanoparticle surface charge could affect the overall stability of such particle colloids. Therefore, according to [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, bare GdPO~4~ hexagonal nanoprisms and submicrospheres should exhibit better colloidal stability during this experiment in comparison to bare GdPO~4~ nanorods.

No obvious visual difference between colloids of the same morphology was observed after ultrasonically redispersing both bare and modified GdPO~4~ particles of various morphologies in aqueous media (pH 6.5) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). However, it should be noticed that the aqueous colloid of bare GdPO~4~ nanorods ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, **1**) was slightly hazier in comparison to the colloid obtained by redispersing modified GdPO~4~ nanorods ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, **2**). After 1 h ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b), a transparent layer developed and is observed in the upper part of the bare GdPO~4~ nanorod colloids ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, **1**). This indicates the sedimentation of bare GdPO~4~ nanorods. This transparent layer broadens over time and becomes more highly expressed in images taken after 3 h ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, **1**). In the case of GdPO~4~ nanoprisms (**3** and **4**) and submicrospheres (**5** and **6**), no obvious differences between bare and modified aqueous colloids were observed in the time frame of up to 3 h ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). Twenty-four hours after the beginning of the experiment, the sedimentation of bare GdPO~4~ nanorods ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d, **1**) becomes even more evident, while modified GdPO~4~ nanorod colloids show no signs of sedimentation ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d, **2**). Controversially, dispersions of both bare and modified GdPO~4~ hexagonal nanoprisms (**3** and **4**) even after 24 h remain in the state of stable aqueous colloids ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d, **3** and **4**). Slight settling is observed for both bare and modified GdPO~4~ submicrospheres ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d, **5** and **6**). Visual observations 72 h after the beginning of the experiment revealed that bare GdPO~4~ nanorods have completely precipitated, whereas modified GdPO~4~ nanorod colloids remained stable. Both bare and modified hexagonal nanoprism colloids show signs of sedimentation after 72 h of experiment, though modified prism settling is less expressed in comparison with that of bare prisms ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e, **3** and **4**). Regardless of modified or bare, particle-weight-related settling of submicrospheres continues 72 h after the start of the experiment ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e, **5** and **6**). By the end of the experiment (after 168 h), bare GdPO~4~ nanorods ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **1**) were completely precipitated, whereas modified GdPO~4~ nanorods were only slightly settled ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **2**) but were still in the state of stable aqueous colloids. Also, a more rapid sedimentation of bare hexagonal nanoprisms ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **3**) becomes more noticeable over time because after 168 h bare prisms were clearly more settled if compared to modified hexagonal nanoprisms ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **4**). The difference in the colloidal stability of bare and modified hexagonal nanoprisms could indicate the possible agglomeration of bare hexagonal nanoprisms. Both bare and modified GdPO~4~ submicrospheres completely precipitated after 168 h ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **5** and [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f, **6**). The reason for such sedimentation of submicrospheres could probably be related to the relatively large mass and dimensions (\>100 nm) of GdPO~4~ submicrospheres (if compared to those of GdPO~4~ nanorods and hexagonal nanoprisms). We emphasize that it is not accurate to evaluate particle agglomeration only by judging the visually observed sedimentation of particles. Zeta potential values of both bare and modified submicrospheres in observed colloids are rather high (i.e., −18.6 and +22.7 mV, respectively). Such zeta potential values should be high enough to induce a strong enough electrostatic repulsion force to prevent submicrosphere agglomeration. So to conclude, this sedimentation is likely to be caused by gravity accompanied by the relatively large weight of GdPO~4~ submicrospheres.

Until this moment, colloidal stability during this experiment was evaluated only visually. However, such an approach does not really tell us anything about the real scale of particle agglomeration. In order to justify our claims and hypotheses derived from visual observations of GdPO~4~ colloids during this experiment, dynamic light scattering measurements were conducted. After the visual experiment ended (colloids withstood 168 h), aqueous dispersions were prepared for DLS measurements by simply shaking GdPO~4~ colloids for 20--30 s (no ultrasonic treatment was used). After that, DLS measurements were performed and the particle size distribution was determined ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Additional DLS measurements were conducted again 3 weeks after the initial redispersion of particles.

![Particle size distribution in aqueous dispersions (pH 6.5) of GdPO~4~ particles with different morphologies after different periods of storage (as dispersed, after 1 week and after 3 weeks): (a) nanorods, (b) hexagonal nanoprisms, and (c) submicrospheres.](la0c01130_0008){#fig8}

DLS measurements revealed that after 168 h (1 week) bare GdPO~4~ nanorods were in an agglomerated state ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) with an agglomerate size varying around 2700 nm. Additional DLS measurements after 504 h (3 weeks) indicated the further agglomeration of bare GdPO~4~ nanorods ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a), with the agglomerate size increasing up to around 3600 nm. Such a result was expected as bare GdPO~4~ nanorods are close to their isoelectric point (ζ = +0.56 mV) in neutral media (pH 6.5). These particles are completely unstable and therefore are inapplicable in all intended applications. According to the DLS measurements, GdPO~4~ nanorods modified with p(METAC-*stat*-PEO~19~MEMA) cationic brush polyelectrolytes are perfectly stable, with a size of around 70 nm even after 3 weeks of storage. Contrary to bare GdPO~4~ nanorods, GdPO~4~ hexagonal nanoprisms have a slightly expressed negative zeta potential value of −9.0 mV at a pH value of 6.5. Such a zeta potential value is enough to inhibit the agglomeration of particles but not enough to ensure the overall colloidal stability of GdPO~4~ hexagonal nanoprisms over extended periods of time. Complete agglomeration of bare GdPO~4~ hexagonal nanoprisms, with the agglomerate size varying around 2300 nm, was observed 3 weeks after the initial redispersion ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). Therefore, under the given conditions, hexagonal nanoprisms are more stable if compared to rod-like GdPO~4~ nanoparticles, but their colloidal stability is still far from superior. PSD curves, obtained by volume means of DLS, show a bimodal distribution in aqueous colloids of bare GdPO~4~ hexagonal nanoprisms after 1 week ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). One peak representing particles of around 105 nm in size can be attributed to stable particles, and other peaks represent hexagonal nanoprism agglomerates of around 1100 nm in size. The PSD curve of bare hexagonal nanoprisms indicates complete agglomeration 3 weeks after the initial redispersion, with the agglomerate size varying around 2300 nm ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). As expected, PSD curves of modified GdPO~4~ nanoprisms ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) show a monomodal distribution, indicating that no agglomeration processes occurred during the 3 weeks of the experiment.

Further DLS measurements revealed that even after 1 week of observation both bare and modified GdPO~4~ submicrospheres were completely settled due to the relatively large values of the zeta potential (−18.6 and +22.7 mV for bare and modified particles, respectively), and these particles show no agglomeration. As seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, PSD is monomodal with its maximum value at around 180 nm. DLS measurements indicated that no signs of agglomeration were observed even 3 weeks after the initial redispersion. Such results confirmed our hypothesis that the sedimentation of submicrospheres was induced only by a relatively large particle weight.

This work leads to the conclusion that the visual evaluation of nanoparticle colloidal stability, which is very typical in many papers, is not sufficient. Such visual stability evaluation in scientific papers and research is inappropriate and could even be referred to as incorrect. Indeed, if evaluated particles are observably unstable, as it was with bare GdPO~4~ nanorods in our case, then it can be concluded that aqueous colloids are unstable, even though it takes time for visual sedimentation to occur. Meanwhile, if particles have relatively large surface charge (as with GdPO~4~ submicrospheres in this work) but they sediment over time as well (as discussed above, the sedimentation of stable GdPO~4~ submicrospheres occurred due to particle weight), then they can be wrongly considered to be agglomerates. Therefore, we strongly suggest that the colloidal stability of aqueous dispersions should be confirmed not only visually but also by means of light-scattering measurements (either dynamic or static).

Stability of GdPO~4~ Particles in Biological Aqueous Media {#sec3.6}
----------------------------------------------------------

One of the most remarkable features of this study is that the described concept of particle stabilization could be successfully applied in biological media. To prove this statement, an additional experiment was carried out by dispersing both bare and modified GdPO~4~ in protein-rich aqueous media (consisting of 10 vol % human blood plasma, pH 6.5). First, particle dispersions were observed visually. It was noticed that bare particles, regardless their morphology (nanorods, hexagonal nanoprisms, or submicrospheres), have a greater tendency to sediment compared to modified particles. The visual stability observations are presented in [Figure S4](#notes1){ref-type="notes"}. The dry GdPO~4~ powders (both bare and modified) were dispersed in protein-rich aqueous media and incubated for 3 h. Then the dispersion was centrifuged (10 000 rpm for 15 min) and particles were washed with DI water (procedure repeated three times) to remove the excess proteins. Washed particles were redispersed in water (pH 6.5), and the PSD of nanoparticle--protein conjugates was measured via DLS ([Figure S5](#notes1){ref-type="notes"}). The protein antifouling properties of modified particles were also evaluated by comparing the change in the zeta potential of particles incubated in protein-rich media with those dispersed in protein-free aqueous media (pH 6.5). The obtained results are presented in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.

![Change in the zeta potential of particles in protein-rich aqueous media (consisting of 10 vol % human blood plasma) compared to those dispersed in protein-free aqueous media (pH 6.5).](la0c01130_0009){#fig9}

The smaller change in the zeta potential of modified GdPO~4~ particles (more than twice regardless of the particle morphology) indicates that a smaller amount of proteins is adsorbed by (surrounds) the particles. Significant differences in the zeta potential change prove that PEG substituents existing on the surfaces of modified GdPO~4~ particles provide antifouling properties and significantly reduce protein binding. Therefore, these results are in perfect correlation with the results obtained by measuring the PSD, where modified particle--polymer conjugates exhibited a smaller size if compared to bare particle--protein ones, which were nonstable and sedimented rapidly ([Figure S5](#notes1){ref-type="notes"}).

Conclusions {#sec4}
===========

Cationic brush-type polyelectrolytes p(METAC-*stat*-PEO~19~MEMA) with three different compositions were synthesized and applied with the aim of stabilizing aqueous dispersions of bare GdPO~4~ particles (nanorods, hexagonal nanoprisms, and submicrospheres). Colloidal stability and zeta potential studies of bare GdPO~4~ particles revealed that exhibited IEP values of GdPO~4~ particles are dependent on their morphology and are 6.53, 6.03, and 5.61, for nanorods, hexagonal nanoprisms, and submicrospheres, respectively. Regardless of their morphology, particles had typical unstable zones if the absolute zeta potential is lower than \|22\| mV. Cationic brush-type p(METAC-*stat*-PEO~19~MEMA) copolymers had a significant effect on the surface potential and overall stability of GdPO~4~ particles. Apparently, the p(METAC-*stat*-PEO~19~MEMA) polyelectrolytes with the largest number of charged groups (65 mol %) have the largest impact on the surface charge of GdPO~4~ particles. During titrations using such polymers, the charge inversion effect was observed independently of the morphology of GdPO~4~ particles used. The stability and zeta potential of modified GdPO~4~ particle dispersions at different pH values were evaluated. The unstable zones of surface-modified GdPO~4~ particles were narrowed, and the determined isoelectric point values were shifted to the alkaline region if compared to the bare particles. Highly charged p(METAC-*stat*-PEO~19~MEMA) brush polyelectrolytes used to modify the surfaces of GdPO~4~ particles enabled superior particle stability in the biological pH range, which could extend the applicability of such unique particles in the biotechnology field. Long-term stability measurements (DLS) indicated a monomodal PSD for all investigated modified GdPO~4~ nanoparticles with no signs of agglomeration after 3 weeks from the initial redispersion. In the case of bare GdPO~4~ nanoparticles, complete agglomeration is observed. The stability experiment in protein-rich aqueous media (consisting of 10 vol % human blood plasma) showed that PEG substituents on the surface of modified GdPO~4~ particles provide antifouling properties that significantly reduce the formation of particle--protein conjugates.

We also point out that the most remarkable feature of the nanoparticle modification with the brush-type polyelectrolytes during this research is that such modified nanoparticles can be dried and later easily redispersed without any negative effects on the colloid stability. This approach has huge advantages in both scientific and commercial fields. For the former, it is much easier to prepare the desired nanoparticle concentration from the powder, whereas for the latter the handling, storage, and shipping of dry powders instead of diluted colloids are also much easier and more cost-effective. Moreover, particles whose surfaces are modified/covered with polymers containing PEO substituents tend to have reduced toxicity and improved biocompatibility.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?goto=supporting-info).Detailed GdPO~4~ particle synthesis procedure; XRD patterns and SEC measurements; ^1^H NMR spectra; and GdPO~4~ particle stability in biological media: visual experiment and PSD curves ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01130/suppl_file/la0c01130_si_001.pdf))Slow redispersion of bare GdPO~4~ nanorods compared to that of GdPO~4~ nanorods with a modified surface ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01130/suppl_file/la0c01130_si_002.mp4))
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